The rate of cytoplasmic streaming (v) The motive force of cytoplasmic streaming in Characeae cells is generated at the boundary between the stationary cortical gel layer and the mobile sol endoplasm (the sol-gel interface). The nature of the motive force is a shearing force produced by the organized gel surface and the sol phase (6). Bundles of microfilaments situated at the surface of the gel phase are assumed to be the component responsible for the generation of the motive force (4, 5, 12) . The filament binds rabbit muscle heavy meromyosin in arrowhead arrays, which indicates that the filaments are F-actin (14, 15, 23) . The relationship between the direction of the arrowheads and that of cytoplasmic streaming has also been clarified (9). Chen and Kamiya (2), and Kuroda and Kamiya (11) showed evidence suggesting that another (putative) component, myosin, is localized in the sol layer. Kato and Tonomura (8) purified myosin from Nitella flexillis.
The motive force of cytoplasmic streaming in Characeae cells is generated at the boundary between the stationary cortical gel layer and the mobile sol endoplasm (the sol-gel interface). The nature of the motive force is a shearing force produced by the organized gel surface and the sol phase (6) . Bundles of microfilaments situated at the surface of the gel phase are assumed to be the component responsible for the generation of the motive force (4, 5, 12) . The filament binds rabbit muscle heavy meromyosin in arrowhead arrays, which indicates that the filaments are F-actin (14, 15, 23) . The relationship between the direction of the arrowheads and that of cytoplasmic streaming has also been clarified (9) . Chen and Kamiya (2) , and Kuroda and Kamiya (11) showed evidence suggesting that another (putative) component, myosin, is localized in the sol layer. Kato and Tonomura (8) purified myosin from Nitella flexillis.
The so-called cell model is a suitable system for determining the mechanism of cell motility ; including muscle contraction (19) , flagella and cilia movements (1, 13) , amoeboid movement (18) , movement of myxomycete plasmodium (7) and egg cleavage (10) . Williamson (24) removed tonoplasts by perfusing the vacuole rapidly with a medium containing EGTA, a Ca2+-chelator. Tazawa, Kikuyama and Shimmen (21) EGTA, glycoletherdiamine-N,N,N',N'-tetraacetic acid; PEP, phosphoenol pyruvic acid prepared tonoplast-free cells by replacing the cell sap with a medium containing EGTA. The tonoplast-free cell serves as a good model for studying cytoplasmic streaming, because the chemical composition around the sol-gel interface can be easily controlled. Williamson (24) and Tazawa et al., (21) showed that in tonoplastfree cells both ATP and Mg2+ are essential for streaming. In the Nitella internode the isolated endoplasmic drop whose surface membrane is removed (11) can also be a suitable model for studying the rotational movement of chloroplasts in the endoplasm. Relationships between the rate of cytoplasmic streaming and the intracellular ATP and Mg2+ concentrations were studied using tonoplast-free cells.
MATERIALS AND METHODS
Nitella axillaris cultured in the laboratory was used except when noted. In the latter case Chara corallina cultured outdoors was used. Internodal cells were separated from neighboring cells and kept in tap water before use.
Compositions of the intracellular perfusion media are shown in Table 1 . EGTA, K-F, Tris-maleate and sorbitol were added to all perfusion media. The concentrations of ATP and Mg2+ were 0-1 mM and 0-6 mM, respectively. The characterization of the perfusion medium was made by showing the concentrations of ATP and Mg2+. When the medium contained 1 mM ATP and 6 mM Mg2+, it was called 1 ATP6Mg medium. The osmotic value of the medium was adjusted to about the equivalent of 330 mM sorbitol by controlling the sorbitol concentration. In some cases the ATP concentration in the medium was buffered by adding PEP and pyruvate kinase to the medium.
The method of producing tonoplast-free cells by vacuolar perfusion has been described elsewhere (21) . After the cell sap was replaced with the perfusion medium, the cell was ligated at both opened ends with strips of polyester thread then bathed in artificial pond water (APW) containing 0.1 mM each of KC1, NaCl and CaC12. Fig. 1 shows the internal morphologies of interno dal cells. After the completion of vacuolar perfusion, there were no longer granules in the vacuole (Fig. lb) . After disintegration of the tonoplast, a large part of the endoplasm dispersed into the original vacuolar space and a smaller part moved along the chloroplast layer (Fig. 1c) . The speed of a granule (v) was obtained by measuring the time needed to migrate a distance 25-200 p,m. Speeds of at least the three fastest granules were measured and the average value was used as the rate of cytoplasmic streaming.
To control the intracellular ATP and Mg2+ concentrations, the second and third perfusions were carried out after the tonoplast had been removed by the first perfusion with the EGTAcontaining medium. In the first perfusion, replacement of the cell sap with artificial medium was confirmed by the effusion of cell sap which had been stained with neutral red beforehand after the tonoplast had been removed by replacing the cell sap with 1 ATP6Mg medium, no streaming was observed. Cytoplasmic streaming was not recovered by introducing Mg2+ into Mg2+-depleted cells by perfusion with 1 ATP6Mg medium. Cytoplasmic streaming, which had stopped after the second perfusion with OATPOMg medium, recovered only slightly after the introduction of ATP and Mg2+ (Table 4C) . Five minutes elapsed between the second and third perfusions.
[Mg2+]i was severely lowered by CyDTA which combines strongly with both Ca 2+ and Mg2+ (Table 4D ). After disintegration of the tonoplast by the first perfusion with 1 ATP6Mg medium, the cell interior was perfused with OATPCyDTA medium containing 5 mM CyDTA, 5 mM Tris-maleate, 21 mM KOH and 305 mM sorbitol (pH 7). The cell was kept on the perfusion bench (21) without closing the open cell ends after the finish of the second perfusion with OATPCyDTA medium. One minute after the end of the second perfusion, the cell interior was perfused with 1 ATP6Mg medium. Even though the period during which the cell was exposed to a very low [Mg2+]i was short (one minute), cytoplasmic streaming did not recover with the introduction of Mg2+ into the cell (Table 4D) .
Effects of other phosphorous compounds on cytoplasmic streaming. Effects of AMP, ADP, orthophosphate and pyrophosphate on cytoplasmic streaming were tested. After the tonoplast had been removed by replacing the cell sap with OATP6Mg medium, the cell interior was perfused with a medium containing 1 mM of the test 
